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Abstract 
Malan loess is a grayish yellow or brownish yellow, clastic, highly porous and brittle late 
Quaternary sediment formed by the accumulation of windblown dust. The present-day 
pore structure of Malan loess is crucial for understanding the loessiﬁcation process in 
history, loess strengths and mechanical behavior. This study employed a modern 
computed tomography (CT) device to scan Malan loess samples, which were obtained from 
the east part of the Loess Plateau of China. A sophisticated and eﬃcient workﬂow for 
processing the CT images and constructing 3D pore models was established by selecting and 
programming relevant mathematical algorithms in MATLAB, such as the maximum entropy 
method, medial axis method, and node recognition algorithm. Individual pipes within the 
Malan loess were identiﬁed and constructed by partitioning and recombining links in the 3D 
pore model. The macropore structure of Malan loess was then depicted using quantitative 
parameters. The parameters derived from 2D images of CT scanning included equivalent 
radius, length and aspect ratio of pores, porosity, and pore distribution entropy, whereas 
those derived from the constructed 3D structure models included porosity, coordination 
number, node density, pipe radius, length, length density, dip angle, and dip direction. The 
analysis of these parameters revealed that Malan loess is a strongly anisotropic geomaterial 
with a dense and complex network of pores and pipes. The pores discovered on horizontal 
images, perpendicular to the vertical direction, were round and relatively uniform in shape 
and size and evenly distributed, whereas the pores discovered on vertical images varied in 
shape and size and were distributed in clusters. The pores showed good connectivity in 
vertical direction and formed vertically aligned pipes but displayed weak connectivity in 
horizontal directions. The pipes in vertical direction were thick, long, and straight 
compared with those in horizontal directions. These results were in good agreement with 
both numerical simulation and laboratory permeability tests, which indicate that Malan 
loess is more permeable in the vertical direction than in the horizontal directions. 
 
1. Introduction 
Loess, a grayish yellow or brownish yellow, clastic, highly porous, brittle sediment formed by 
the accumulation of windblown dust, covers approximately 6% of the earth’s land area. In 
China, loess mantles about 6.7% land area, and it is mainly distributed in Shanxi, Shaanxi, 
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Ningxia, and Gansu, comprising the Loess Plateau of China (LPC). A typical proﬁle of loess-
paleosol sequences in the LPC consists of Wucheng loess (Q1), Lishi loess (Q2), and Malan 
loess (Q3) from the bottom up. The present-day structure of loess results from the 
loessiﬁcation processes (Smalley et al., 2006), and it determines the mechanical behavior 
and engineering properties (e.g., shear, compression and tensile strengths, and 
collapsibility) (Matalucci et al., 1970; Lei, 1988; Terzaghi et al., 1996). 
 
The structure of loess pores has been investigated via optical microscopy since the middle 
of last century. Zhu (1963) reported a great number of macropores in superﬁcial Malan 
loess collected from the middle reaches of the Yellow River. He attributed these pores to 
plant roots. Tan (1988) found that the loess in Lanzhou, China, is porous with a void ratio 
greater than 1, and macropores tend to connect to one another to form channels. Yang 
(1989) used a polarizing microscope and found that saturation-induced collapse causes a 
signiﬁcant decrease in pores greater than 0.054 mm, and it inﬂuences the content of smaller 
pores to a limited extent. 
 
The use of scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) 
gradually led to advances in quantitative examination of loess pores since late last 
century. Using SEM, Gao (1988) found that the pore structure of loess is signiﬁcantly 
diﬀerent in diﬀerent places. In the northwest of the LPC, the pores in Malan loess are 
formed by weak cementation in between silts, sands, and aggregates. The cementation is 
mainly provided by crystalline carbonate. In southeast of the LPC, the bond between grains 
(silts, sands, and aggregates) is provided by clay minerals and crystalline carbonate. This 
type of bonding is relatively strong, and the overall structure is more stable than that in the 
northwest. Li et al. (2016) indicated that most macropores in loess exist in between 
aggregates, whereas micropores accumulate within aggregates. Ng et al. (2017) found that 
the accumulation of clay particles around silt grains also form a large number of small pores. 
 
Lin (1990) analyzed the size distribution of loess pores by MIP and SEM, and indicated that 
the content of macro- and meso-pores decreases with depth along a loess-paleosol 
sequence. Liu (1999) analyzed the images of pre- and post-liqueﬁed loess using SEM and 
image processing techniques. His results showed that liquefaction causes the number of 
macro- (> 0.060 mm) and meso-pores (0.005–0.016 mm) to decrease, whereas that of 
microscopic pores (< 0.004 mm) signiﬁcantly increases. Hu et al. (2001) used SEM and a 
self-developed image processing program, and their results indicated that the pore size 
decreases with the compaction degree. Deng et al. (2007) found that the seismic vibration 
causes a dramatic decrease of macropores. The same conclusion was made by Cai and 
Dong (2011) when they conducted dynamic compaction tests on loess in laboratory. 
 
In recent years, researchers attempted to use computed tomography (CT) to reconstruct the 
3D pore structure of geomaterials (Perret et al., 1999). Zhou et al. (2013) found that the pore 
structure obviously diﬀers between soils subjected to diﬀerent types of fertilization practices 
via construction  of  a  3D  pore-throat-network  and  examination  of  3D parameters 
(porosity, path length distribution, and tortuosity). Yang et al. (2014) found that the pore 
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size distribution of packed ore particles obeys lognormal or Gauss distribution via 
examination of 3D pore parameters. Based on CT scanning, Li et al. (2017) investigated 
the diﬀerences in 3D pore networks between bituminous coals and anthracite coals. 
Despite these attempts of applying CT technology on geomaterials,  sophisticated  3D  
models  that  can  ﬁnely  depict  the structure of pores in loess are lacking. This scenario is 
partially due to the diﬃculties to prepare undisturbed, small but representative loess 
specimens  (loess  is  fragile  and  loose)  and  partially  because  of  the complicated 
algorithms for establishing and quantifying the 3D model. This study aimed to establish a 
workﬂow for processing CT images and constructing 3D pore models for Malan loess. The 
pore structure was then examined on the basis of 2D parameters from CT images and 3D 
parameters from the constructed 3D models. 
 
2. Methodology 
2.1 Sampling and sample preparation 
The samples of Malan loess used in this study were obtained from a slope in Yuci City, 
Shanxi, China. Undisturbed  blocky  samples (300 × 200 × 200 mm) were collected at a 
depth of 5.0 m to  avoid plant roots. The in-situ orientation of the samples was clearly 
marked during sampling in the ﬁeld. The samples were well sealed and carefully transported 
to the laboratory to avoid any disturbance. The dry density of the samples was 1.23 g/cm3, 
the particle density was 2.70 g/cm3, and the void ratio was 1.19. The clay (< 5 μm), silt 
(5–50 μm),  and  sand  (> 50 μm)  fractions  accounted  for  13.57%, 67.33%,  and  
19.10%,  respectively.  The  above  data  of  particle  size analysis were obtained from a 
Malven Mastersizer2000 laser analyzer. After air-drying, ﬁve undisturbed blocky samples 
were trimmed into ﬁve cubes with edge length of 60 mm by a wire cutting machine. The 
original orientation of samples was unchanged. As shown in Fig. 1a, Z represents  the  in-situ  
vertical  direction,  and  X  and  Y  indicate  the horizontal directions. 
 
2.2  CT scanning 
A nanoVoxel-2100 CT device (Fig. 1b; Sanying Precision Instruments Co., Ltd.) was used 
to scan the specimens. The scan system was set to 150 kV (voltage), 180 μA (current), and 0.2 
s (exposure time). The CT device was equipped with a plate detector of 2000 × 2000 
pixels. The X-ray beam width (“slice” thickness) was 59 μm. A series of 2D images with 
pixels of diﬀerent gray values was obtained after processing projections (the remaining X-ray 
energy caught by the detector) by the built-in reconstruction algorithm of the CT system. The 
gray value of each pixel at the 2D images represents the X-ray attenuation coeﬃcient of a 
certain point inside the specimen. Given the resolution of 59 μm, 1017 images (Fig. 1c) 
were obtained for each of the X, Y, and Z directions of a cubic specimen. 
 
2.3  Data processing 
A comprehensive scheme was established in this study for constructing the 3D model and 
deriving the parameters of the pore structure. Fig. 2 shows the ﬂowchart, which consists of 
three main parts: 2D parameter extraction, 3D pore structure reconstruction, and 3D 
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parameter extraction. The relevant and eﬃcient algorithms in the literature were cited and 
programmed in MATLAB to facilitate the ﬂowchart. 
 
Given the scanning resolution of 59 μm and the specimen size of 60 × 60 × 60 mm, each 
image obtained from CT scanning consisted of 1,034,289 (1017 × 1017) pixels with gray 
values in the range of 0–255 (Fig. 1c). The CT images for the center of the specimen usually 
have a higher gray level than those images at the boundaries. Therefore, applying a single 
threshold to all images introduces apparent bias in identifying solids and pores. To 
conduct segmentation (separate the image into pore and solid phases), the maximum 
entropy method proposed by Kapur et al. (1985) was adopted. The Kapur et al. (1985) 
method quantitatively considers the gray values of all pixels of an image, and assigns a 
unique threshold to each image (Luo et al., 2010). The pixels with gray values less than the 
threshold were identiﬁed as pores and colored white, whereas those with large gray values 
were solids and colored black. 
 
The binary images obtained via segmentation were then analyzed to derive 2D pore 
parameters. The equivalent radius, length, and aspect ratio of pores were extracted using 
Malven image processing system, whereas the porosity and pore distribution entropy of each 
image were derived through a MATLAB program developed by us (Fig. 2). The equivalent 
radius is the radius of a circle with the same area as the pore. The length is the longest 
projection onto the major axis, with lines between any two points on the periphery of a 
pore. The major axis passes through the centroid of the pore, and the rotational energy along 
it is the minimum. The aspect ratio is equal to W/L (W and L are the equivalent width and 
length of pore,  respectively). The equivalent width is equal to the ratio of pore area to pore 
length. The porosity is the ratio of the number of white pixels to the number of all pixels over 
a binary image. 
 
A 3D pore model was constructed via stacking all binary images in one scanning direction by 
programming in MATLAB and removing the solid phase. As shown in Fig. 3a, the 3D pore 
model is a complicated network with dense connections and intersections of pores and 
pipes. The medial axis method (Lee et al., 1994), which is based on a thinning algorithm, was 
employed to isolate 3D pores and pipes. This algorithm iteratively erodes the voxels around 
each pore in six directions to obtain a one-voxel-wide medial axis. In each iteration, a voxel 
is removed if doing so does not change the overall topology of the pore structure. The above 
process yields a medial axis model (Fig. 3b), which consists of one-voxel-wide pore 
segments, and maintains the original topology of the pore structure. The method by 
Kerschnitzki et al. (2013) was employed to partition the medial axes into individual links by 
identifying the end points of each link.   
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The  center  voxel  of  a  template  with 3 × 3 × 3 voxels was moved along the medial axis, 
and the number of voxels (nv) on the medial axis that fell into the template (except the 
voxel under examination) was calculated. The voxel under examination was considered a 
cross node (yellow points in Fig. 4a), terminal node (blue points), or link node (black points) 
if the number (nv) was greater than two, equal to one, or equal to two, respectively. The 
cross and terminal nodes were the separating nodes. The segment between the two 
separating nodes formed an individual link (Fig. 4a). 
 
All nodes on each link were used to calculate the direction vector via least-square ﬁtting. 
Any two links with the same cross node were considered a single link (the red line in Fig. 
4b) if they shared the same direction vector. This process was conducted via a MATLAB 
program, and it created a 3D model composed of individual links. 
 
The parameters depicting loess pore structure, such as porosity, coordination number, 
node density, pipe radius, length, length density, axial deviation, dip angle, and dip 
direction, were extracted using the 3D pore model and 3D link model constructed above. 
The porosity is the ratio of the number of pore voxels to the total number of voxels in the 3D 
pore model. The coordination number of a cross node is the number of links connected 
with the cross node. The length density (cm/ cm3) is the ratio of the summation of lengths 
of all links to the total volume of the 3D pore model. The node density (no./cm3) is the ratio 
of the total number of cross nodes to the volume of the 3D pore model. The pipe radius is 
the average of distances between each node on the link to its closest node on the pipe 
surface. The axial length is the length of the link’s axis. The link’s axis is the least-square ﬁtted 
line of the link. The axial deviation (D) of links is calculated according to D = 1-Lv/Lr (Lv 
is the axial length of link, and Lr is the true length). Axial deviation reﬂects the curvature of 
a link. A perfectly straight link would have a D of 0, whereas an extremely curved link would 
have a D close to 1. Dip angle (α) and dip direction ( ) of links were deﬁned and calculated 
according to Fig. 4c. 
 
3. Results 
3.1. Macropores discovered by 2D images 
Five representative images (slices) with a spacing of 10 mm were collected along the X 
direction to stack into a sequence, as shown in Fig. 5a. The same was done for the Y and Z 
directions (Fig. 5b and c). The image perpendicular to the X direction was deﬁned as X 
image, whereas those perpendicular to the Y and Z directions were deﬁned as Y and Z images, 
respectively. According to Fig. 5, it is found that (1) pores on X and Y images were unevenly 
distributed with local dense and sparse distributions, whereas pores showed even 
distribution on Z images; (2) pores on both X and Y images varied in shape and size 
(round or elongated tube-shaped pores), whereas pores on Z images were almost round or 
semi-round with similar sizes; and (3) pores on Z images formed pipes throughout the whole 
specimen as indicated by the thick dashed line, whereas pores on X and Y images showed no 
clear connectivity. 
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Table 1 lists the statistics of the pore sizes in each direction. The range (maximum-
minimum) of equivalent radius of pores on Z images was 1902 μm, which was much less than 
that in the other two directions (about 3500 μm). In addition, the lengths of pores on Z 
images fell into a very narrow range compared with the other two directions. This result was 
consistent with Fig. 5, where large pores were evident in the X and Y directions, whereas the 
sizes of pores in the Z direction were quite uniform. Fig. 6 shows the average aspect ratio of 
each fraction of pore radius. The aspect ratio of pores decreased from 0.49 to 0.18 in the X 
and Y directions as the pore radius increased. However, the aspect ratio of pores in the Z 
direction was generally greater than 0.4, and it remains almost constant for pores greater 
than 300 μm. The above observation indicates that pores in the Z direction were quite equal-
dimensional and uniform in shape, whereas pores in the X and Y directions varied in shape 
to a great extent and the large ones were elongated. 
 
Fig. 7a shows the calculated porosity for images in each direction. The porosity varied from 
image to image along each of the three directions. However, the variation was limited along 
the Z direction (with a variance of 0.03) compared with those along the X (0.27) and Y (0.20) 
directions. This result indicates a relatively constant distribution of pores along the Z 
direction and arbitrary distributions along the X and Y directions. The pore distribution 
entropy (Pd) was introduced in this study to reﬂect the spatial uniformity of pores 
distributed on each image. Pd was calculated according to  (P is the porosity 
of a section, and n is the number of sections over each binary image). Pd was 1 if the pores 
were evenly distributed on the image, and it was a small value if the pores were distributed 
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in clusters. As shown in Fig. 7b, the pore distribution entropies of Z images (with a mean of 
0.856) were greater than those of X (0.733) and Y (0.712) images, indicating that pores 
were distributed more evenly in the Z direction than in the other two directions. 
 
3.2.  3D pore structure 
The overall porosity calculated from the reconstructed 3D pore model was 2.18%, which 
was consistent with the average value calculated from 2D images in any of the three 
directions. The total number, total length, number density, and length density of pipes in the 
reconstructed  3D  model were 33072,  4034.23 cm,  153 no./cm3,  and 28.68 cm/cm3, 
respectively. The total number and density of cross node in the constructed model were 
14686 and 168 no./cm3, respectively. The average coordination number of cross node was 
3.15, which suggests that more than three pipes were connected to the same cross node. The 
above values, especially the average ones, indicate the Malan loess is porous with a 
complicated and dense network of pores and pipes. 
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Dip angles of all pipes were calculated according to Fig. 4c, and the frequency distribution of 
these angles was plotted in a rose diagram (Fig. 8a). The rose diagram was divided into 
nine zones, each with a span of 10°. The average dip angle of pipes falling within the same 
zone was assigned to that zone. The frequency was calculated by taking the number of pipes 
in each zone divided by the total number. As shown in Fig. 8a, most pipes were concentrated 
in the range of 5–45°. However, the pipes with large radius were aligned vertically, whereas 
the thin pipes were aligned at gentle angles (Fig. 8b). 
 
Fig. 9a shows the whole view of the constructed 3D pore model for the tested Malan loess 
specimens. The pipes were mainly round, similar to a curved cylinder. They were  
interconnected  with  each  other, generating a complex and dense network. The pipes with 
dip angles in the range of 0–45° and dip direction in ranges of 135–225°, 315–360°, or 0–
45° were extracted from Fig. 9a to compose Fig. 9b. Thus, this model mainly consisted of 
pipes aligned in the X direction. The same was conducted for pipes aligned in the Y 
direction (Fig. 9c) by using pipes with dip angles in the range of 0–45° and dip directions in 
ranges of 45–135° or 225–315°. This procedure was also repeated for the Z direction 
using pipes with dip angle in the range of 45–90° (Fig. 9d). Our results revealed that (1) 
pipes aligned in the Z direction were long and had the best conductivity compared with 
those in the other two directions; (2) pipes in the Z direction were generally straight, 
whereas those in the other two directions were curved; and (3) a great number of thick pipes 
was found in the Z direction, whereas pipes in the other two directions were much thinner. 
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The above observations were in good agreement with the statistical analysis on the 
geometry  of  pipes (Fig. 10). The average length of pipes aligned in the Z direction was 
3331 μm, which was much greater than that in the other two directions (X, 1432 μm; and Y, 
1612 μm). As shown in Fig. 10a, the pipes with radius greater than 1500 μm still accounted 
for a large percentage of all pipes in the Z direction, whereas pipes in the other two directions 
were concentrated in the range below 1500 μm. The pipes aligned in the Z direction were 
generally thicker (with an average radius of 248 μm) than those in the other two directions 
(with an average radius of about 130 μm) (Fig. 10b). Fig. 10c shows that the pipes in the Z 
direction were straight with an average axial deviation of 0.28, whereas those in the other 
directions were curved with much greater deviation (0.65 and 0.63 in the X and Y 
directions, respectively). 
 
4. Discussion 
The abovementioned results demonstrate that Malan loess is an anisotropic geological 
material. It is characterized by (1) a dense and complex network of pipes and pores (cross 
node density of 168 no./ cm3; pipe length density of 28.68 cm/cm3); (2) diﬀerent 
appearance of pores in varying directions; and (3) a strongly anisotropic pipe structure. 
This statement can be supported by examining 2D images and 3D pore structural models. In 
2D vision, pores in the vertical direction were round and obeyed a spatially uniform 
distribution, whereas those in the other two directions strongly varied in shape and were 
distributed in clusters. In 3D vision, the pipes in the Z (vertical) direction were thick, long, 
and straight, but those in the other two directions were curved and erratic in radius and 
length. 
 
We conducted numerical simulation and laboratory tests on the permeability of Malan 
loess in three orthogonal directions (X, Y, and Z). The 3D pore model reconstructed from CT 
images was imported into AVIZO program for numerical simulation. The initial conditions 
were set (input pressure = 110 kPa, output pressure = 100 kPa, and ﬂuid viscosity = 0.001 
Pa·s). The laboratory experiments involved nine undisturbed cylindrical specimens with a 
diameter of 61.8 mm and a height of 40 mm. Three specimens were in the X direction, three 
were in the Y direction, and the remaining three were in the Z direction. These nine 
specimens were all cut from the loess blocks, which were used for preparing CT scanning 
specimens. The permeability tests were conducted in a TS-50 falling head device in 
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accordance with Chinese standard SL237-1999 (The Ministry of Water Resource of the 
People's Republic of China, 1999). 
 
The seepage channels in the numerical simulation by AVIZO are shown in Fig. 11. Seepage 
in the Z (Fig. 11c) direction prevailed over that in the other two directions (Fig. 11a and b). 
The seepage channels were concentrated in the Z direction. These channels not only 
facilitated ﬂuent paths for water travelling in the Z direction but also worked as connectors 
for forming ﬂow paths in the X and Y directions. As shown in Fig. 12, the permeability 
coeﬃcients in the Z direction were signiﬁcantly greater than those in the other two 
directions. This ﬁnding was consistent with the results reported by Liang et al. (2012), who 
found that permeability in the vertical direction of Malan loess is two to three times that in 
the horizontal directions. The laboratory tests agreed well with the numerical simulation and 
showed the same trend of permeability in diﬀerent directions. The diﬀerence in magnitude 
of the measured permeability coeﬃcients between numerical simulation and laboratory 
tests was partially because the micropores (< 59 μm) were not identiﬁed by the present CT 
scanning and did not participate in AVIZO simulation, and partially because the AVIZO 
program could not enlarge or create seepage channels during calculation. 
 
After the accumulation of windblown dust, loess experiences a long period of structural 
evolution, called loessiﬁcation (Smalley et al., 2011). The functions of water, dry–wet 
cycling, freezing–thawing, and temperature ﬂuctuation are believed to be the main forces 
that drive the loessiﬁcation process (Zeng et al., 2015; Smalley and Marković, 2014). 
 
Moisture in loess mainly comes from precipitation, frost, and snow (Sun and Ma, 2015; 
Zhang et al., 2012; Liu, 2016). Rainwater, as the main source, can inﬁltrate to a depth of 1 to 
several meters in loess (Tan et al., 2017; Yang et al., 2015). On one hand, the water seepage 
in loess takes away small soil particles to depth and facilitates the formation of pipes in loess 
(Verachtert et al., 2010). On the other hand, the inﬁltrating water dissolves soluble salts, 
causing transportation and reprecipitation of cements (e.g., calcium carbonates; Smalley et 
al., 2006) and reinforcement of existing pipes or pores by cements (Dijkstra et al., 1995; 
Cilek, 2001). The evaporation of water due to dry climate also contributes in the same way 
as water moves upwards. All functions above worked in the vertical direction, making the 
pipes vertically aligned. 
 
The average annual precipitation in the LPC ranges from 450 nm to 720 mm, and 
precipitation is mainly concentrated in summer in the form of rainstorm (Zhuang et al., 
2017). The annual potential evaporation in this area is about 1649 mm (Yang et al., 2012). 
Such a semi-arid and arid climate favors dry–wet cycling in loess (Sun and Ma, 2015). 
During drying, the increase in matric suction and attraction between particles in loess 
cause tensile stress (τ), leading to tensile fracturing. As the vertical stress (σ1) is generally 
greater than the horizontal one (σ2) due to the overlaying soil layers, tensile fracturing more 
likely occurs horizontally, which facilitate the formation of vertical cracks or pipes (Li et 
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al., 2014; Ye et al., 2016). The cracks induced by wetting/drying can occasionally extend to 
70 mm depth (Adeniji, 1991; Goehring et al., 2010). 
 
Frequent freezing/thawing is another cause for cracks in loess. The frozen depth in LPC 
reaches more than 1 m (Zeng et al., 2015). The meltwater in daytime of winter penetrates 
into the loess and works similar to rainwater to create vertical pipes or pores (Konrad, 
1989). The meltwater, once penetrates into loess, will become frozen at low temperatures 
at night in winter (about −20 °C, China National Meteorological Center). This 
phenomenon introduces tensile fracturing due to the volume expansion, and vertically 
aligned cracks are formed (Chamberlain and Gow, 1979). 
 
The temperature in loess areas (e.g., the LPC) ﬂuctuates dramatically within a year or a 
day. The daily variation in temperature in summer is about 15 °C, whereas that in winter 
can be about 25 °C (China National Meteorological Center). 
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As loess contains clay minerals (e.g., kaolinite, montmorillonite, and chlorite), accounting 
for about 20% in volume (Galović et al., 2006), the rapid, dramatic temperature changes 
induce swelling/contraction of loess (Mao et al., 2013), which in turn results in tensile 
fracturing in loess and vertically aligned cracks and pipes. 
 
5. Conclusions 
This study investigated the pore structure of Malan loess in the LPC. Undisturbed cubic 
specimens of 60 × 60 × 60 mm were scanned by CT technique. This study aimed to 
establish a sophisticated and eﬃcient workﬂow by selecting and performing relevant 
mathematical algorithms in MATLAB, such as the maximum entropy method, medial axis 
method, and node recognition algorithm. This workﬂow deals with processing of CT 
images for the construction of 3D pore models, and it can identify and separate individual 
pipes within the model by partitioning and recombining links. This workﬂow facilitates 
analysis on the Malan loess structure by quantifying its characteristics, such as radius, 
length, axial deviation, dip angle, and dip direction of pipes. Results revealed that Malan 
loess is a strongly anisotropic geological material. It is characterized by a dense and complex 
network of pores and pipes. The pores discovered by horizontal slices were round and 
relatively uniform in shape and size. They were evenly distributed on horizontal planes. The 
pores discovered by vertical slices varied in shape and size, and they were distributed in 
clusters on vertical planes. The pores showed good connectivity in the vertical direction to 
form vertically aligned pipes but displayed weak connectivity in the other two directions. 
The pipes in the vertical direction were thick, long, and straight compared with those in the 
other two directions. These ﬁndings were in good agreement with numerical simulation and 
laboratory permeability tests, which indicate a greater permeability in the vertical 
direction than in the other two directions. 
 
There is a conﬂict between the specimen size and the scanning resolution. Given a certain 
CT device, a large specimen will result in low resolution. Considering that Malan loess are 
rich in macropores, small specimens cannot encompass macropores and are not 
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representative. Thus, this study used specimens of 60 × 60 × 60 mm in size. However, such 
a specimen could only allow a scanning resolution of about 60 μm according to modern CT 
techniques. This restriction has hindered the identiﬁcation of pores smaller than this size, 
and makes the conclusions drawn in this study limited to macropores. Future work may be 
justiﬁed to examine the micropore structure of Malan loess and incorporate both micro- and 
macro-pores in numerical simulation. 
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